Copper zinc tin sulfide (Cu 2 ZnSnS 4 or CZTS) is a potential candidate for next generation thin film solar cells because it contains abundant and nontoxic elements and exhibits high light absorption. Thin films of CZTS are typically synthesized by sulfidizing a stack of zinc, copper, and tin films. In addition to CZTS, a variety of binary and ternary metal sulfides can form and distinguishing among phases with similar crystal structure can be difficult. Herein, the authors show that confocal Raman spectroscopy and imaging can distinguish between CZTS and the other binary and ternary sulfides. Specifically, Raman spectroscopy was used to detect and distinguish between CZTS (338 cm ) phases through their characteristic scattering peaks. Confocal Raman spectroscopy was then used to image the distribution of coexisting phases and is demonstrated to be a useful tool for examining the heterogeneity of CZTS films. The authors show that, during sulfidation of a zinc/copper/tin film stack, ternary sulfides of copper and tin, such as Cu 2 SnS 3 form first and are then converted to CZTS. The reason for formation of Cu 2 SnS 3 as an intermediary to CZTS is the strong tendency of copper and tin to form intermetallic alloys upon evaporation. These alloys sulfidize and form copper tin sulfides first, and then eventually convert to CZTS in the presence of zinc. As a consequence, films sulfidized for 8 h at 400 C contain both CZTS and Cu 2 SnS 3 , whereas films sulfidized at 500 C contain nearly phase-pure CZTS. In addition, using Cu Ka radiation, the authors identify three CZTS X-ray diffraction peaks at 37.1
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I. INTRODUCTION
The current photovoltaic (PV) market is dominated by first generation silicon (Si) solar cells, but this technology requires thick (> 150 mm) high electronic quality Si substrates, which increases the cost of solar-to-electric energy conversion. Thick Si substrates are required because Si is an indirect band gap semiconductor with low absorption. Use of solar cells made from thin ($1-3 mm) direct band gap semiconductor films is growing rapidly because they are typically a factor of 100 thinner than crystalline Si devices, and also cost less. Thin film solar cell technologies, which are projected to lead the PV market by 2015 use cadmium telluride or copper indium gallium diselenide (CIGS) as the light absorbing material. Arguably, the production of these thin film solar cells will be limited to less than 1 TW by the scarcity of Te and In and possibly by the toxicity of Cd. [1] [2] [3] These sustainability concerns with existing thin film solar cells provides a strong motivation for the development of new materials and solar cells based on nontoxic and abundant elements.
Copper zinc tin sulfide (Cu 2 ZnSnS 4 or CZTS) is gaining attention as a potential light absorber in next generation thin film solar cells [3] [4] [5] because it is composed of abundant and nontoxic elements, and has attributes similar to CIGS, a material that has already been shown to result in solar cells with 20% power conversion efficiencies. 6 CZTS crystallizes in the tetragonal (pseudocubic) kesterite structure (space group I4, a ¼ 0.5467 nm, c ¼ 1.0923 nm). 7 The crystal structure is similar to copper indium disulfide with half the In(III) sites occupied by Zn(II) and the rest by Sn(IV). The CZTS band gap has been reported 8 to be between 1.45 and 1.6 eV, an ideal match for the solar spectrum. CZTS also has a large absorption coefficient (>10 4 cm
À1
) and absorbs nearly all the solar radiation above the band gap within a few Electronic mail: camb001@umn.edu c) Electronic mail: aydil@umn.edu microns. 9 The first working CZTS thin film solar cell, with an efficiency of 0.66%, was reported in 1997 by Katagiri et al., 10 who, after one decade of research, had improved it by an order of magnitude to 6.77%. 11 In 2010, using a novel slurry-based thin film deposition method, Todorov et al. demonstrated a thin film solar cell based on copper zinc tin selenide, achieving a power conversion efficiency of 9.66%. 12 Thus far, most CZTS thin film synthesis approaches have relied on various ways of interdiffusing and sulfidizing a stack of copper, zinc, and tin films that were sputtered or evaporated onto glass or Mo-coated glass substrates. Although simple to implement, the processes that lead to CZTS formation may be complex, requiring a delicate balance between interdiffusion, evaporation, sublimation, alloying, and reaction. Nevertheless, barring diffusion limitations, sulfidizing a stack of metal films is expected to result in the thermodynamically stable phases, consistent with the relevant phase diagram and mass conservation. Since varying the individual film thicknesses can control metal stoichiometry, this method is a viable approach for inexpensive production of thin CZTS films. However, limitations to achieving the equilibrium phase must be studied and understood. Depending on the precise details of the sulfidation, other phases can form on the way to the thermodynamic equilibrium and can remain in the film as impurity phases. For example, even the simpler copper-tin mixtures are known to form several different sulfides [13] [14] [15] including Cu 2 SnS 3 , Cu 3 SnS 4 , Cu 4 SnS 4 , and Cu 2 Sn 3 S 7 . These are all direct band gap semiconductors with different absorption coefficients and band gaps. Their presence in what is otherwise pure CZTS film may alter the electronic properties and photovoltaic performance of the films and the subsequent solar cells. Moreover, some of the possible impurity phases, such as ZnS and Cu 2 SnS 3 (CTS), have crystal structures that are closely related to that of CZTS with nearly indistinguishable x-ray diffraction (XRD) patterns. This has made detailed studies of the phases present in nominally phasepure CZTS films difficult. Although there are many articles that report various sulfidation strategies, and the properties of the resulting solar cells, very few have discussed the details of the sulfidization process. Here, we investigate the possibility of using Raman spectroscopy and confocal Raman microscopy to distinguish between CZTS and other impurity phases that may form during sulfidation of a stack of copper, zinc, and tin films. Moreover, we use a suite of characterization methods in conjunction with Raman microscopy to understand how a stack of metal films is converted to CZTS by sulfidation.
II. EXPERIMENTAL METHODS
CZTS films were formed on molybdenum-coated sodalime glass (SLG) substrates by sulfidizing a stack of zinc, copper, and tin films. Prior to molybdenum (Mo) deposition, the glass substrates were cleaned using a standard procedure. 16, 17 The Mo films were deposited using dc magnetron sputtering and were typically 250 nm thick. Thin zinc (130 nm), copper (200 nm), and tin (230 nm) films were deposited sequentially, in that order, by thermal evaporation in a high vacuum chamber with 2 Â 10 À6 Torr base pressure. These thicknesses were chosen to result in stoichiometric Cu 2 ZnSnS 4 upon sulfidation. Films were deposited at ambient temperature without active cooling. Typical metal deposition rates were $ 0.5 Å /s. The substrate, now coated with a stack of metal films, was sealed in an evacuated (base pressure of 1 Â 10 À6 Torr) quartz ampoule (1 cm i.d. Â 10 cm long) together with 1.0 6 0.2 mg of sulfur. The ampoules were loaded into a furnace and heated at 6.5 C/min to the sulfidation temperature. The films were then sulfidized isothermally at various temperatures between 300 and 500 C for 8 h and then cooled to room temperature before removing them from the ampoules. The melting temperatures of zinc, copper, and tin are 420, 1084, and 232 C, respectively. The vapor pressure of solid copper at 400 C is negligibly small ($10 À17 Torr), 18 whereas the vapor pressures of solid Zn and liquid Sn are 9.3 Â 10
À2
Torr (Ref. 19 ) and $10 À19 Torr (Ref. 20) , respectively. For comparison, we have also deposited films without the zinc layer in order to form Cu 2 SnS 3 thin films. The copper/ tin film stack was deposited and sulfidized under the same conditions as the copper-zinc-tin stack, but these films were deposited on SLG without the Mo layer. The copper/tin film stacks had the same Cu and Sn film thickness as in the zinc/ copper/tin film stacks. These thicknesses were chosen to produce sulfides where the Cu:Sn ratio is 2:1.
The crystal structures of the sulfidized films were examined using XRD with Cu Ka radiation. A Bruker-AXS microdiffractometer equipped with a 2.2 kW sealed Cu source and a Two-dimensional (2D) Hi-Star detector was used. The 2D detector is ideally suited for such polycrystalline films as it improves the signal-to-noise ratio via the collection of both specular and nonspecular diffracted x rays. The x-ray beam was collimated to an 800 mm spot. 2D Raman scattering images, and Raman spectra, were collected at room temperature using a WiTec alpha300R confocal Raman microscope with a UHTS300 spectrometer and a DV401 CCD detector. The laser beam spot size was $ 350 nm. The films were illuminated using an Omnichrome argon ion laser at 514.5 nm and Raman scattering was collected in the backscattering geometry. The scattered light was dispersed using an 1800 lines/mm grating to achieve a spectral resolution better than 0.02 cm À1 . The laser intensity was adjusted to generate the maximum stable Raman signal without distortion or peak shifting due to local heating. The morphology of the sulfidized films were examined using a JEOL 6500 field-emission scanning electron microscope equipped with an energy dispersive spectrometer (EDS), which was used to determine the composition of the CZTS thin films. The electron energy was set at 15 keV for EDS. At this energy, EDS is expected to sample approximately the top 2 mm of the surface, although we believe that our films were thick enough that the signal from the underlayers were significantly attenuated. The expected CZTS film thickness using the thicknesses of the initial metal film stack is 1.3 mm. For EDS measurements the typical integration time was 10 s and the analysis error, which depends on lateral position and element, was 0.8%-2.5%. The error in sulfur atomic percent may be larger because the Mo La peak (2.29 keV) interferes with the S Ka (2.306 keV) peak. However, when we sulfidized the same thickness films on sapphire we obtained the same sulfur composition within the error bars ($2.5%).
III. RESULTS AND DISCUSSION
A. X-ray diffraction [21] [22] [23] [24] [25] that may form when a stack of zinc, copper, and tin films are sufidized. CZTS, CTS, and ZnS powder diffraction patterns are the only patterns that match the XRD from films sulfidized at 500 and 400 C. (See also Table II .) The 2D XRD patterns ( Fig. 2 ) show that the sulfidized films are not textured. Thus, one can rule out any significant presence of many of the sulfides (e.g., Cu 3 SnS 4 , Cu 4 SnS 4 , CuS, Cu 2 S, SnS, SnS 2 ) within the sensitivity of XRD because their strongest XRD peaks are absent. (Note that the data shown here are a small section of a much larger 2D area map.) However, at first glance, one cannot distinguish between CZTS and CTS based on XRD alone. Moreover, the potential presence of ZnS cannot be ruled out. Indeed, even a mixture of CZTS, CTS, and ZnS is possible. A careful analysis (vide infra) will show later that it is possible to establish the presence of CZTS from the XRD, but coexistence of CTS with CZTS cannot be ruled out with XRD alone. The grain sizes estimated from the Scherrer equation were 20 and 25 nm, respectively, for the films sulfidized at 400 and 500 C. 26, 27 In this estimate, we assume zero microstrain broadening because the films are polycrystalline, not textured, and thick. There does not seem to be a significant difference in the locations of the XRD peaks present in films sulfidized at 400 and 500 C. However the intensities of the XRD peaks from the film sulfidized at 500 C are almost a factor of 2 more intense than those from the film sulfidized at 400 C. Specifically, the ratio of the CZTS (112) peak intensity to the Mo (110) peak intensity increases from 1.5 for the film sulfidized at 400 C to 2.6 for the film sulfidized at 500 C. Moreover, the full-width-halfmaximum (FWHM) value of this peak decreases from 0.41 for the film sulfidized at 400 C to 0.33 for the film sulfidized at 500 C. These comparisons indicate an improvement in the crystallinity of the CZTS film as the sulfidation temperature is raised from 400 to 500 C. Other than the improved crystallinity, these films appear very similar in is due to the glass substrate. The glass substrate is detected in XRD because this film is thinner than that shown in Fig. 1 owing to C can be ruled out, based on the absence of diffractions at angles less than 28 . The presence of a small amount of Cu 2 Sn 3 S 7 indicates that either the films sulfidized at 400 C are slightly tin rich or Cu 2 Sn 3 S 7 forms during sulfidation on the way to forming the Cu 2 SnS 3 phase.
The latter is expected because copper and tin form alloy phases during evaporation; this alloying will be shown later in this article.
In contrast to the film sulfidized at 400 C, the XRD pattern from the copper/tin film stack sulfidized at 500 C does not show any diffraction at 34.5 indicating that the Cu 2 Sn 3 S 7 phase has disappeared at this temperature. A new diffraction peak appears at 26.46 and is assigned to Cu 4 SnS 4 (220) and (400) peaks. The presence of SnS, which also has a (021) diffraction peak around this angle, is ruled out based on the absence of its most intense diffraction peak (130) near 32 . The appearance of Cu 4 SnS 4 is consistent with the loss of some Sn from the films. 22 Thus, the copper/ tin film stack sulfidized at 500 C consists mainly of Cu 2 SnS 3 and some Cu 4 SnS 4 .
B. Film morphology and composition Figure 4 shows a set of SEM images of the zinc-copper-tin film stack sulfidized at 500 C. Plan view images at various magnifications show numerous 2-3 mm diameter spherical particles uniformly distributed across the surface of the substrate. The spherical particles appear to be smoother near the sides than at the top where a very rough surface is evident. The area between the micron size spherical particles is covered with smaller particles. Despite the inhomogeneities in the film's morphology on the micrometer scale, the composition of the film was remarkably homogeneous on the same scale. Figure 4(f) shows the elemental composition of the film as a function of position along a 15 mm long EDS line scan across the film surface. Within the accuracy of the EDS, the Cu:Zn:Sn:S ratio was that expected of CZTS, 2:1:1:4. This typical line scan covered several different types of morphological features on the surface in order to determine whether the morphological differences translate into compositional and/or phase variations. However, despite the morphological inhomogeneities, it appears that, within the accuracy of the EDS, the stoichiometry of the film is that expected of CZTS. Figure 5 shows SEM images of the zinc-copper-tin film stack sulfidized at 400 C. The surface morphology looks inhomogeneous with smooth islands separated by rougher regions that seemed to be composed of faceted small grains. Figure 5(f) shows the elemental composition of the film as a function of position at three different locations along a 15 mm line [ Fig. 5(e) ] across the film surface. The composition of the film was inhomogeneous on the micron scale and the compositional inhomogeneity appears to be correlated with the morphological inhomogeneity. Although the morphology appears inhomogeneous and correlates with compositional differences when viewed from the top, we cannot be certain about the homogeneity of the subsurface region. However, confocal Raman spectroscopy suggests that the inhomogeneities are present across the entire thickness of the film and not confined to the surface (vide infra). The zinc concentration in the smooth regions is nearly zero. In these regions, the Cu:Sn:S ratio was approximately 2:1:3, the stoichiometry expected from CTS (Cu 2 SnS 3 ). In the rougher regions, the Cu:Zn:Sn:S ratio was that expected from CZTS, 2:1:1:4. Thus, we conclude that the film sulfidized at 400 C is a mixture of CZTS and CTS phases, whereas the film sulfidized at 500 C is primarily CZTS. two films looked identical and thus it is difficult to distinguish CZTS and CTS phases with XRD alone.
C. Raman spectroscopy
Raman spectroscopy and, in particular, confocal Raman microscopy is well suited for studying the presence and spatial distribution of various metal chalcogenide phases. Subtle differences in the phonon densities of states between these phases can be easily distinguished from the shifts in Raman scattering peaks. Himmrich and Haeuseler studied the Raman spectra of CZTS and other stannite and wurtzstannite compounds. 32 For CZTS, they identified a strong peak at 336 cm À1 and two weaker peaks at 285 and 362 cm À1 . More recent reports on the Raman spectrum of CZTS thin films place the most intense peak position at 338-339 cm À1 and the weaker peaks at 287-288 and 368-374 cm À1 . [33] [34] [35] Fernandes et al. studied the Raman spectra of ternary copper tin sulfide compounds Cu 2 SnS 3 and Cu 3 SnS 4 and identified the strongest Raman scattering peaks associated with these compounds. 36 Table III shows the expected Raman peaks from copper, zinc, and tin binary and ternary sulfides, and compares them to those expected from CZTS. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Figure 6(a) shows the Raman spectrum of a film that was synthesized through sulfidation of a zinc/copper/tin film stack at 500 C. The strongest peak is at 338 cm À1 and is accompanied by a wide shoulder that can be deconvoluted into two weaker peaks at 358 and 372 cm -1 . A still weaker peak is evident at $ 288 cm
À1
. The FWHM of the 338 cm À1 peak is 12 cm À1 . Such narrow widths are usually associated with grain sizes where phonon confinement does not contribute to linewidth broadening (i.e., grain sizes that are at least tens of nanometers).
The Raman spectra from films synthesized through sulfidation of a zinc/copper/tin film stack at 400 C varied as a function of position within the sample. Two different types of spectra were obtained depending on the location in the film. Figures 6(b) and 6(c) show the Raman spectra from two different locations on a zinc-copper-tin film stack that was sulfidized at 400 C. The Raman spectrum in Fig. 6(b) is identical to that from the zinc/copper/tin film stack that was sulfidized at 500 C and the peak locations agree with those expected from CZTS. The Raman spectrum shows a strong peak at 338 cm À1 and is accompanied by weaker peaks at 288 and 372 cm À1 , as well as a shoulder at 358 cm
. The spectrum in Fig. 6(c) , on the other hand, is significantly different from those in Figs. 6(a) and 6(b) indicating the presence of a second phase. Specifically, the shoulder at wavelengths higher than the characteristic 338 cm À1 CZTS peak becomes stronger and develops a clear maximum at 352 cm and fill the region between the CZTS peaks at 266 and 338 cm
. There is also scattering toward the higher wavelength side of the 352 cm À1 peak, possibly by a resonance at 368-372 cm
. Clearly, this second region may be a second phase other than CZTS or it may be a mixture of CZTS and the second phase. Based on the EDS analysis in Fig. 5 , we hypothesized that the second phase may have been CTS.
To confirm this hypothesis we examined the Raman spectra of sulfidized copper-tin film stacks. The EDS data (not shown) revealed the Cu:Sn:S ratio in the sulfidized films was 2.1:1:3.1, and, within the accuracy of the EDS, close to the stoichiometry of Cu 2 SnS 3 . The XRD from these films is shown in Fig. 3 and was discussed previously. To summarize, the film sulfidized at 400 C consists mainly of the Cu 2 SnS 3 phase with a small fraction of Cu 2 Sn 3 S 7 ; whereas, the film sulfidized at 500 C consists of Cu 2 SnS 3 and Cu 4 SnS 4 . The Raman spectrum of the copper-tin film stack sulfidized at 400 C is shown in Fig. 7(c) . Two intense peaks located at 298 and 356 cm À1 correspond closely to those (303 and 355 cm À1 ) expected from cubic Cu 2 SnS 3 ðF43mÞ, the majority phase identified in XRD. In addition, there are weaker peaks and shoulders at 268, 318, and 375 cm
. The Raman spectra shown by Fernandes et al. also show very weak scattering at these frequencies. 36 Indeed, after careful elimination of other possibilities, we conclude that the Raman spectrum shown in Fig. 7(c) is dominated by the major phase at this temperature, Cu 2 SnS 3 . We considered alternative assignments for the weaker peaks but in each case, these possibilities were eliminated. For example, Raman scattering at 268 cm À1 could be related to copper sulfide, 38, 39 but there was no peak at 475 cm À1 and XRD did not show the most intense Cu 2 S diffraction. Fernandes et al. assigned scattering at 295, 318, and 348 cm À1 to the orthorhombic (Pmn2 1 ) Cu 3 SnS 4 phase. 36 The shoulder at 318 cm À1 matches this phase and the other two peaks at 295 and 348 cm À1 overlap with the broad scattering at 298 and 356 cm
. Thus, these peaks may be assigned to the orthorhombic (Pmn2 1 ) Cu 3 SnS 4 phase, but our XRD data does not show the major diffraction peaks from this phase. Instead, XRD data indicates the presence of Cu 2 Sn 3 S 7 in addition to Cu 2 SnS 3 . To our knowledge, the Raman spectrum of Cu 2 Sn 3 S 7 has not been studied. As Cu 2 Sn 3 S 7 is the second most abundant phase in this film, it is tempting to associate the Raman peaks at 268, 318, and 375 cm À1 with Cu 2 Sn 3 S 7 . However, sulfidization of a copper-tin stack at 500 C does not produce any Cu 2 Sn 3 S 7 , yet the Raman spectrum from this film is nearly identical to that shown in Fig. 7(c) (vide infra) .
The Raman spectra from films synthesized through sulfidation of a copper/tin film stack at 500 C varied as a function of position on the sample. Two different types of spectra were obtained depending on the location in the film. Figures 7(a) and 7(b) show the Raman spectra from two different locations on a copper-tin film stack that was sulfidized at 500
C. The Raman spectrum in Fig. 7(a) is nearly identical to that from the copper/tin film stack that was sulfidized at 400 C and the peak locations agree with those expected from cubic Cu 2 SnS 3 . The Raman spectrum shows strong peaks at 298 and 356 cm With help from the Raman spectrum of Cu 2 SnS 3 in Fig. 7(c) we now interpret the Raman spectrum collected from region 2 [ Fig. 6(c) ] of the film that was synthesized by sulfidizing a zinc-copper-tin stack at 400 C. This spectrum looks like a superposition of the Cu 2 SnS 3 and the Cu 2 ZnSnS 4 Raman spectra. Thus, we conclude that, although region 1 of the film sulfidized at 400 C is phase pure Cu 2 ZnSnS 4, region 2 contains both Cu 2 SnS 3 and Cu 2 ZnSnS 4 phases.
D. Confocal Raman imaging of CZTS and CTS phases
Being able to obtain different Raman spectra from different regions of some films suggests that different phases coexist in the same film. Using confocal Raman spectroscopy, we mapped the spatial variation of the Raman spectrum and imaged the distribution of various phases within the films. For example, Figs. 8(b) and 8(c) show the spatial variation of selected Raman peak intensities from zinc-copper-tin film stacks sulfidized at 500 and 400 C, respectively. Raman spectra showed that Cu 2 SnS 3 and Cu 2 ZnSnS 4 coexist in films sulfidized at 400 C, whereas only the Raman peaks from Cu 2 ZnSnS 4 was detected in films sulfidized at 500 C. Raman scattering maps shown in Figs. 8(b) and 8(c) are produced by plotting the intensities of specific Raman peaks as a function of position across the film's cross section, e.g., the x-z plane as shown in Fig. 8 (a) where x and z are the coordinates parallel and perpendicular to the film surface, respectively. For example, Fig. 8(b) shows an image that was constructed by mapping the intensity of the peak at 338 cm À1 as a function of position. The film is confined to the region between the dashed lines. Figure 8(b) shows that, with the exception of a few small dark spots, the intensity of the 338 cm À1 peak is uniform across a 20 mm length of the film. The dark spots did not show any Raman scattering indicating that these may be regions where voids or cracks exist. Such cracks are also occasionally encountered in SEMs. Cracks can form during cooling due to the large thermal expansion coefficient of soda lime glass. However, there are no regions where there is a second phase. In contrast, Fig.  8(c) shows two images that were constructed by mapping the intensity of the peaks at 338 cm À1 (CZTS) and 298 cm À1 (Cu 2 SnS 3 ) as a function position. Zinc/copper/tin film stacks sulfidized at 400 C contain both the CZTS and the Cu 2 SnS 3 phases. Figure 8(c) shows that the 338 cm À1 peak is intense in large sections but these sections are interrupted by 1-4 mm long dark regions indicating the absence of CZTS in these areas. These same regions appear brighter when the intensity of the 298 cm À1 peak is plotted. Conversely, the intensity of the 298 cm À1 peak vanishes where the 338 cm À1 peak is most intense. Thus, the images in Fig. 8(c) are maps of the CZTS and Cu 2 SnS 3 regions in the film.
Figures 9(b) and 9(c) show the spatial variation of selected Raman peak intensities from copper-tin film stacks sulfidized at 500 and 400 C, respectively. Specifically, Fig. 9(b) shows the spatial variation of the 298 cm À1 Raman peak of Cu 2 SnS 3 and the 318 cm À1 Raman peak of Cu 4 SnS 4 . The Raman intensity maps of these two peaks complement each other in the sense that the 298 cm À1 peak intensity is high in regions where the 318 cm À1 Raman intensity is zero and vice versa. This indicates that indeed, these two peaks come from Cu 2 SnS 3 and Cu 4 SnS 4 phases that coexist together in copper/tin film stacks sulfidized at 500 C.
E. Sulfidation mechanism of zinc-copper-tin film stacks
The analysis of the zinc/copper/tin film stacks sulfidized at 400 and 500 C suggests that the Cu 2 SnS 3 phase forms prior to CZTS and can coexist with CZTS if the sulfidation is at the lower end of this temperature range. This is an interesting result that would not be expected from the equilibrium bulk phase diagram. For a metal stack designed to yield stoichiometric CZTS, CZTS is the stable equilibrium compound both at 400 and at 500 C. Thus, we conclude that 8 h at 400 C is not adequate to reach the equilibrium, whereas equilibrium is approached at 500 C. The next issue is why the Cu 2 SnS 3 phase forms prior to CZTS. One possibility is that the copper and tin films sulfidize first and it takes time for sulfur to diffuse to the zinc at the bottom of the stack. However, in polycrystalline metal films such as these, grain boundary diffusion is fast, and we expect sulfur to reach all three metals very quickly. XRD collected from zinc/copper/ tin film stacks prior to sulfidation (Fig. 10) shows that copper and tin interdiffuse and form intermetallic alloys, such as Cu 6 Sn 5 , during evaporation even if the substrates are not intentionally heated and are nominally near room temperature. It appears that the sulfidation of this copper-tin alloy results in Cu 2 SnS 3 first, followed by diffusion of Zn and secondary reaction to form CZTS. As expected, the process is faster at 500 C than at 400 C and the films sulfidized at 400 C contain both Cu 2 SnS 3 and CZTS.
F. XRD data revisited: Can XRD distinguish between CZTS, Cu 2 SnS 3 , and ZnS?
Having concluded that the zinc/copper/tin film stack sulfidized at 400 C contains both CZTS and Cu 2 SnS 3 and that the same stack sulfidized at 500 C contains mainly CZTS, it is worth considering whether there are XRD peaks that would at least indicate unambiguously the presence of CZTS, even though coexistence of CZTS with ZnS and Cu 2 SnS 3 cannot be ruled out. In other words, are there minor diffraction peaks that are stronger in CZTS than in ZnS and Cu 2 SnS 3 ? To answer this question we simulated the XRD from all three phases assuming a grain size of 20 nm using the CrystalMaker V R software. The lattice constants used in the simulations and the Wyckoff site positions of the atoms were taken from Refs. 42-44 for CZTS, Cu 2 SnS 3 , and ZnS, respectively. Figure 11 compares the simulated XRD patterns for CZTS, ZnS, and Cu 2 SnS 3 to the XRD from zinc/ copper/tin films sulfidized at 400 and 500 C. Comparison on a wide 2h scale shows no discernible difference between the simulated patterns and those collected from sulfidized films. However, expansion of the 2h scale between 32 and 46 reveals three diffraction lines from CZTS at 37 [(202)], 37.9
[(211)], and 44.9 [(105) and (213)], which are absent in ZnS and very weak in Cu 2 SnS 3 . Thus, the presence of these peaks can be used to confirm the presence of CZTS. Nevertheless, determining the phase composition of nominally CZTS films requires care. Even these three CZTS peaks have potential overlaps with other Cu x Sn y S z phases. For example, the 44.9 peak overlaps with a very weak diffraction in Cu 4 SnS 4 . Presence of these phases could be eliminated in our work because our films are not textured and the most intense diffractions from other potential Cu x Sn y S z phases were absent. However, this may not be the case in other synthesis methods. Raman spectroscopy, appears to provide the best evidence for the presence of CZTS.
IV. CONCLUSIONS
Zinc/copper/tin metal stacks sulfidized at sufficiently high temperature and long time (e.g., 8 h at 500 C) lead to predominantly CZTS films, but sulfidization at lower temperatures can leave the conversion to CZTS incomplete, yielding films where CZTS coexists with Cu 2 SnS 3 . Raman spectroscopy can reveal the coexistence of different phases and confocal Raman spectroscopy can be used to image different regions with different crystal structure and composition. Cu 2 SnS 3 forms as an intermediate phase on the way to forming CZTS because copper and tin have a strong tendency to form alloys during the deposition of the metal stack. These alloys are sulfidized first and form Cu 2 SnS 3 . Although it is difficult to distinguish the XRD patterns of CZTS, ZnS, and Cu 2 SnS 3 , three CZTS diffractions, at 37
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